Understanding how genes and experiences work in concert to generate phenotypic variability will 25 provide a better understanding of individuality. Here, we considered this in the context of the main 26 olfactory epithelium, a chemosensory structure with over a thousand distinct cell-types, in mice. We 27 identified a subpopulation of at least three types of olfactory sensory neurons, defined by receptor 28 expression, whose abundances were sexually dimorphic. This subpopulation of olfactory sensory 29 neurons was over-represented in sex-separated female mice and responded robustly to the male-30 specific semiochemicals 2-sec-butyl-4,5-dihydrothaizole and (methylthio)methanethiol. housing led to a robust attenuation of the female over-representation. Testing of Bax null mice 32 revealed a Bax-dependence in generating the sexual dimorphism in sex-separated mice. Altogether, 33 our results suggest a profound role of experience in influencing homeostatic neural lifespan 34 mechanisms to generate a robust sexually dimorphic phenotype in the main olfactory epithelium. a subset of ORs that exhibit sexually dimorphic expression under sex-separated conditions. In situ 61 mRNA hybridization probing for the expression of these ORs demonstrated the proportions of OSNs 62 expressing these ORs to be over-represented in female mice. Activity-dependent labeling experiments 63 further identified this subpopulation of OSNs as selective responders to odor cues generated by 64 mature male mice. Targeted screening of previously identified sex-specific and sex-enriched volatiles 65 demonstrated that this subpopulation of OSNs responded robustly to the reproductive-behavior and 66 physiology modifying semiochemicals 2-sec-butyl-4,5-dihydrothaizole (SBT) and 67 (methylthio)methanethiol (MTMT) in vivo. Finally, to test the role of experience in generating this 68 sexual dimorphism, we switched male and female mice from sex-separated conditions to sex-69 combined conditions and learned the sexual dimorphism had severely attenuated. Examination of sex-70 separated mutant mice null for the BCL2-associated X protein (Bax -/-) revealed a failure to generate 71 robust sexual dimorphisms within the whole olfactory mucosa. During the course of our investigations, 72 a report, van der Linden et al. 2018, was also published with some overlapping findings. Altogether, 73 these results suggest a link between specific olfactory experiences and OSN lifespan as a means to 74 influence sensory cell-level odor representations in the olfactory system. 75
Introduction 36
Emergence of individuality is a ubiquitous feature across animals. It refers to the differing biological 37 factors ("nature"), experiences ("nurture"), and randomness that generate phenotypic variability. 38
Evidence for this variability has led to extensive research on the adaptive significance and ecological, or 39 evolutionary, consequences of individuality 1 . Nonetheless, insight into the relative contributions and 40 proximal mechanisms of "nature" versus "nurture" in generating phenotypic variabilities have been 41 largely elusive. 42 43 One robust example of nature-induced inter-individual variability is sexual dimorphism. Previous work 44 has identified both anatomical and functional substrates of this nature-induced variability in the 45 nervous system of mice 2-5 . Similarly, extensive literature points towards an essential role of nurture-46 induced variability by experience-dependent, or activity-dependent, neural plasticity [6] [7] [8] . Here, to 47 investigate how nature and nurture work in concert to generate biological variability, we focused on 48 the mouse main olfactory epithelium (MOE), a chemosensory structure devoted to the detection of 49 volatile odor cues. Olfactory sensory neurons (OSNs) found in the MOE express a single olfactory 50 receptor (OR) in a monoallelic fashion out of a large and diverse family of over 1,000 candidate 51 genes 9,10 , thus enabling this system with an incredible potential for the emergence of individuality at 52 the level of cell types. Odor recognition at the level of OSNs additionally has been shown to follow a 53 combinatorial coding scheme where one OR can be activated by a set of odorants and one odorant can 54 activate a combination of ORs 11,12 . Through such combinatorial coding, it has been postulated that 55 organisms, including mice and humans, can detect and discriminate against a myriad of odor 56 molecules. 57 58 We performed RNA-Seq on the whole olfactory mucosa of mice of different sexes ("nature") and 59 experiences ("nurture") to investigate origins of inter-individual differences. In doing so, we uncovered components to differ in their presence and abundance [16] [17] [18] [19] [20] [21] . Using pS6-IP-Seq we systematically 136 screened the mouse urine constituents: 2-sec-butyl-4,5-dihydrothiazole (SBT); 137 (methylthio)methanethiol (MTMT); b-caryophyllene; 3,4-dehydro-exo-brevicomin; 2,5-138 dimethylpyrazine; (E)-b-farnesene; and 2-heptanone ( Figure 4B ). 139 140 Differential expression analysis following pS6-IP-Seq across the tested panel of odorants ( Figure 4C To independently validate the pS6-IP-Seq data, we briefly exposed juvenile mice to either an empty 153 odor cassette (control), varying concentrations of SBT or MTMT, or 1% (v/v) acetophenone, and then 154 harvested MOE for staining. In situ hybridization probing for the expression of Olfr910/912 and 155 immunostaining for pS6 showed OSNs expressing Olfr910/912 to display increasingly intense pS6 156 immunostaining following exposure to SBT in a concentration-dependent manner (0.01% SBT p < 0.05; 157 0.1% SBT p < 0.0001; 1% SBT p < 0.0001, one-way ANOVA with Dunnett's multiple comparisons test 158 correction). Further, in accordance with our previous findings, exposure to acetophenone did not lead 159 to significant pS6 induction in OSNs expressing Olfr910/912 ( Figure 4D-E) 11, 22 . Similarly, OSNs 160 expressing Olfr1295, identified by in situ hybridization, displayed increasingly intense pS6 161 immunostaining following exposure to MTMT in a concentration-dependent manner (100 µM MTMT p 162 < 0.01; 10 mM MTMT p < 0.0001, one-way ANOVA with Dunnett's multiple comparisons test 163 correction). OSNs expressing Olfr1295 displayed a non-significant pS6 signal intensity difference 164 following exposure to acetophenone compared to control conditions ( Figure 4G one-way ANOVA with Tukey's multiple comparisons test correction). We did not observe any sex bias 176 in the responsivity of sensory cell populations at the single-cell level by pS6 signal intensity induction 177 by exposure to either SBT or acetophenone. Female Additionally, the form of plasticity we observe appears to employ a distinct mechanism from reports of 260 fear conditioning influencing the proportional abundance of OSNs expressing ORs responsive to the 261 fear-conditioned odor 29-31 . In the case of fear conditioning to acetophenone, the number of OSNs 262 expressing M71 appears to profoundly upregulate within just 3 weeks. In contrast, even by 9 weeks (~6 263 weeks post-weaning), the difference in the expression of Olfr910 and Olfr912 appear to be insignificant 264 in male versus female mice. Altogether, these observations lead us to speculate the existence of a 265 multitude of distinct mechanisms, operating at non-identical time scales, to influence OSN population 266 dynamics. Future work to identify and demonstrate these mechanisms is necessary to deepen our 267 understandings of these phenomena and experience-dependent plasticity. 268
269
A decrease in male-specific semiochemical responsive OSNs in females following sex-combined 270 housing 271
The finding of over-represented OSN subpopulations robustly responsive to male-specific 272 semiochemicals, in sex-separated females, to decrease in proportional abundance following sex-273 combined housing, while consistent with recent literature 14,23,24 , is unexpected. The results suggest 274 that once females receive exposure to male-specific semiochemicals, their detectability for 275 semiochemicals slowly decreases over time, reflecting a potential homeostatic "gain control" 276 mechanism for salient cue detection at the level of primary sensory neurons. 277
278
Our further finding that sex-separated Bax -/mice to not exhibit sexual dimorphism point towards a 279 potential role of activity-dependent changes in neural lifespan in generating sexually dimorphic OR 280 expression in sex-separated wild-type mice. Though Bax would certainly exert experience-independent 281 effects in a mouse, we speculate the lack of robust sexual dimorphism in sex-separated Bax -/mice to 282 be a result of the lack of Bax-regulated activity-dependent alteration of sensory neuron lifespan. 283
Sexual dimorphism in OSNs responsive to semiochemicals 285
Plasticity within the OSN population can be postulated to enable adaptation of an individual's olfactory 286 system for the sensitive detection of salient odors, which may vary from one environment to another. 287
While sex-specific chemical cues have been implicated in instinctual behaviors and physiology 16,20,32-38 , 288 the degree to which animals are exposed to these chemical cues in nature may vary substantially 289 among individuals. 290 291 A recent report by van der Linden et al. 2018 also identified sexually dimorphic expression of a subset 292 of ORs using a combination of sequencing and histology-based approaches 24 . Our data agree in the 293 following manner: identification of the sexually dimorphic expression of Olfr910, Olfr912, Olfr1295, 294
and Olfr1437 in mice housed in a sex-separated manner, demonstration of activation of OSNs 295 expressing Olfr910, Olfr912, and Olfr1295 following exposure to mature male mice, and a general lack 296 of sexually dimorphic ORs in mice housed in a sex-combined manner. Together, our findings of 297 experience to influence OSN population dynamics suggest a role in adjusting an animal's sensitivity to 298 the salient chemical cues of male mice. 299 300 Our identification of the semiochemicals SBT and MTMT as robust agonists for Olfr910, Olfr912, and 301
Olfr1295 posit a number of intriguing speculations. Remarkably, other ORs activated by SBT and MTMT 302 did not exhibit sexual dimorphism. Furthermore, when we tested other sex-specific and sex-enriched 303 odorants, we did not observe activation of OSNs expressing Olfr910, Olfr912, or Olfr1295 304 ( Supplementary Figure 1) , nor did cognate receptors for these other odors exhibit sexually dimorphic 305 expression ( Supplementary Figure 2) . These results altogether lead us to hypothesize a specialized role 306 for Olfr910, Olfr912, and Olfr1295 in conveying a salient signal from the olfactory periphery to the 307 central nervous system. 308
The identification of a subpopulation of OSNs to also be plastic and robustly responsive to male-310 specific semiochemicals also raise speculations about the flexibility of an individual's behavioral 311 responses to semiochemicals. That is, while behavioral and physiological responses to semiochemicals 312 have traditionally been viewed as genetically predetermined and "hardwired", there may exist a 313 significant context and experience-dependent flexibility. For example, it has been previously shown 314 that group housed sex-separated female mice exhibit a general suppression and irregularity in estrous 315 cycling. Upon exposure to a mature male mouse, these unisexually grouped female mice often rapidly 316 and synchronously enter into estrus (Whitten effect) [39] [40] [41] [42] [43] . Past implications of SBT also inducing the 317 Whitten effect 16 , and our finding of Olfr910 and Olfr912 to be robustly responsive to SBT and over-318
represented in sex-separated female mice, lead us to speculate that the over-representation of these 319
ORs to serve to enhance SBT detection for mediation of the Whitten effect. Past implications of MTMT 320 influencing female mouse attractive behaviors 18 , and our finding of Olfr1295 to be robustly responsive 321 to MTMT and over-represented in sex-separated female mice, lead us to speculate over-representation 322 of this OR to serve to enhance MTMT detection for mediating attractive responses. Testing these, as 323 well as many other possibilities, to link semiochemicals to behavioral and physiological outputs, at the 324 level of molecules, cells, and circuits, remain outstanding. 325
326
Methods 327
Animal husbandry 328
Wild-type C57BL/6J (Jackson Labs 000664) and Bax -/-(Jackson Labs 002994) were bought and 329 maintained at institutional facilities. Procedures of animal handling and tissue harvesting were 330 approved by the Institutional Animal Care and Use Committee of Duke University. Animals were killed 331 within 7 days of the ages reported in this study. Sex-separated male and female mice were socially 332 housed with 2-5 animals per cage. Sex-combined cages contained 1 male and 1 female. All sex-333 combined cages produced litters. Pups were aged to P21-P28 before being weaned or used for 334 independent experiments. 335 336 3 male and 3 female biological replicates were used in each condition to sequence wild-type and Bax -/-337 whole olfactory mucosa tissues (MOE + other tissues in the nose). 3 male and 3 female wild-type mice 338 were used in each condition to examine MOE in situ. 2-3 male and female Bax -/mice were used to 339 examine MOE in situ. 2-6 sections per mouse were imaged, quantified, and reported as individual data 340 points for each condition. 341 342
Preparation of olfactory tissues for RNA-Seq 343
Whole olfactory mucosa was rapidly collected in 5 mL tubes and flash-frozen in liquid nitrogen from 344 mice killed by CO2 asphyxiation and decapitation. Tissues were kept frozen at -80°C until time of RNA 345 extraction. To extract RNA, 1 mL of TRIzol (Life Technologies 15596026) was added to frozen tissue 346 followed by homogenization until no large pieces were readily identifiable. Homogenized tissue was 347 transferred to new 1.5 mL tubes and centrifuged at max speed for 10 minutes. Supernatant was then 348 transferred to new 1.5 mL tubes containing 0.2 mL chloroform and vortexed for 3 minutes. Samples 349 were again centrifuged at max speed for 15 minutes and the aqueous phase was transferred to new 350 tubes containing 0.5 mL of isopropanol. Samples were incubated at room temperature for 5 minutes 351 and then centrifuged at max speed for 10 minutes. Supernatant was decanted and the visible pellet 352 was washed 150 µL of 75% ethanol, centrifuged, and washed again with 180 µL of 75% ethanol. After 353 centrifugation, ethanol wash was pipetted away and RNA pellets were allowed to air-dry with tube lids 354 kept open for 10 minutes. Pellets were then dissolved in RNase-free water by heating to 55°C for 10 355 minutes. RNA concentration was quantified using a QUBIT HS RNA Assay Kit (Q32855). 356 357 88 µL of sample was subjected to RNase-free DNaseI treatment by the addition of 10 µL of 10X Buffer 358 and 2 µL of RNase-free DNaseI (Roche 04 716 728 001) for 30 minutes at 37°C. Following DNaseI 359 treatment, samples were subjected to a modified RNeasy mini protocol for RNA cleanup (Qiagen 360 74104). 350 µL of buffer RLT was added to the 100 µL sample, mixed and centrifuged. Then, 250 µL 361 ethanol was added, mixed, and immediately transferred to a mini-column. Sample loaded columns 362 were centrifuged for 30 seconds. 500 µL of ethanol diluted buffer RPE was then used to wash the 363 column twice, and sample was eluted in new 1.5 mL tubes with 100 µL of RNase-free water. Presence 364 of RNA was confirmed by the QUBIT HS RNA Assay Kit. 
Cloning of ORs and generation of anti-sense RNA probes 378
Mouse ORs were cloned with sequence information from NCBI. OR ORFs were amplified from genomic 379 DNA using Phusion (ThermoFisher F530S) as per the manufacturer's guidelines. Amplified fragments 380 were cloned into pCI expression vectors (Promega E1731) containing the first 20 residues of human 381 rhodopsin (Rho-pCI) and were verified by sequencing. 382
383
To generate anti-sense digoxigenin (DIG)-RNA probes, ORFs were amplified (Qiagen 203203) from Rho-384 pCI vectors and purified via a MinElute Kit (Qiagen 28004) using manufacturer protocols with an added 385 T3 polymerase promoter sequence at the 3' end. Anti-sense RNA was then in vitro transcribed using a 386 T3 RNA polymerase (Promega P2083) and a DIG RNA labeling mix (Roche 11277073910) using 387 manufacturer protocols. RNA probes were then alkaline hydrolyzed (80mM NaHCO3, 120mM Na2CO3) 388 for 60°C for 15 minutes and purified using a microcolumn (Bio-Rad 732-6223). Probe integrity was 389 assessed by agarose gel and kept at -80°C when not in use. 390
391
To determine the specificity of OR-specific mRNA probes, coding sequences of ORs were retrieved 392 from NCBI Nucleotide and compared to other transcripts in the mouse by NCBI BLAST using the RefSeq 393 RNA database. Only Olfr983 exhibited relatively high similarity to other ORs by this method. OSNs 394 expressing Olfr983 were therefore determined by visual identification of the brightest and most 395 intense cells positive for the anti-sense Olfr983 mRNA. Data shown probing for Olfr910/912 by in situ 396 mRNA hybridization was done by anti-sense probes generated against Olfr910. Early experiments also 397 using probes against Olfr912 indicated similar results (not shown). 398 399 NCBI Nucleotide retrieved gene sequence 
Preparation of olfactory tissues for staining and in situ hybridization 401
Olfactory epithelium was rapidly dissected and frozen in embedding medium (Tissue-Tek O.C.T. 402
Compound 4583) from mice killed by CO2 asphyxiation and decapitation. 18-22 µm fresh frozen 403 coronal sections were cut using a cryostat (Leica CM1850) onto microscope slides (Fisherbrand 404 Superfrost Plus 1255015) and kept at -80°C until use. 405 406 For in situ RNA probe hybridization, slides were brought to room temperature, dried and rapidly fixed 407 in 4% paraformaldehyde in 1x PBS (pH ~7.5) for 15 minutes. Slides were then washed twice 1x PBS and 408 submerged into a triethanolamine solution consisting of 700 mL dH2O with 8.2 mL triethanolamine. 409 1.75 mL of acetic anhydride was then added dropwise over the course of 7 minutes with constant and 410 slow stirring for a total of 10 minutes, all at room temperature. Slides were then washed with 1x PBS 411 and blocked with prehybridization solution (see components below) for 1 hour at 58°C in a humidified 412 hybridization oven. RNA probe concentrations were then individually optimized by dilution in 413 prehybridization buffer and pipetted directly onto slides and covered with laboratory film (Parafilm 414 54956) for overnight hybridization at 58°C. Slides were then rinsed the next day in 72°C heated 5x SSC 415 twice, washed twice in 72°C heated 0.2x SSC for 30 minutes per wash, and again finally washed in 1x 416 PBS for a minimum of 5 minutes at room temperature. Slides were then blocked with 0.5% nucleic acid 417 blocking reagent (Roche 11096176001) dissolved in a 1x PBS containing maleic acid (Sigma M0375) for 418 30 minutes. Blocking solution was then replaced with 1:1000 horseradish peroxidase (HRP)-conjugated 419 anti-DIG antibody (Roche 11207733910) solution diluted in the blocking medium for 45 minutes. Slides 420 were then washed in 1x PBS three times, 10 minutes per wash, and coated with 0.1% BSA in 1x PBS. 421
Hybridization signals were detected using tyramide signal amplification (TSA) using fluorescein 422 (PerkinElmer) as the fluorophore diluted in 1x PBS containing 0.003% H2O2 via incubation for 10 423 minutes in darkness, all at room temperature. 424 425 For pS6 immunostaining, slides were blocked in 5% skim milk dissolved in 1x PBS containing 0.1% 426 Triton X-100 at room temperature for 1 hour. Blocking solution was then replaced with 1:300 anti-pS6 427 antibody (ThermoFisher 44-923G) dissolved in blocking solution and incubated overnight at 4°C. Anti-428 pS6 antibody was detected using a 1:200 Cy3-conjugated secondary (Jackson Immuno 711-165-152) 429 diluted in 5% skim milk dissolved in 1x PBS by incubation for 45 minutes in darkness. Cell nuclei were 430 detected using a 1/10000 dilution of a 1% bisbenzimide (Sigma bisbenzimide H 33258) solution by 431 incubation for 5 minutes at room temperature. All slides were rinsed in dH2O, cover slipped, and 432 allowed to dry before examination under a microscope. 
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